The enzymatic activity of phospholipase D (PLD) is known to be essential for cell survival and protection from apoptosis. However, the mechanisms regulating PLD activity during apoptosis remain unknown. Here we report that cleavage of PLD1 by caspases facilitates p53-mediated apoptosis. Cleavage of PLD1 into an N-terminal fragment (NF-PLD1) and a C-terminal fragment at the amino-acid sequence, DDVD 545 , led to a reduction in PLD1 activity. However, a caspase-resistant mutant form of PLD1 retained significant levels of enzymatic activity and apoptotic function as compared to wild-type PLD1. Exogenous NF-PLD1 expression induced apoptosis through a dominant-negative effect on the activity of endogenous PLD1. During apoptosis, a small fraction of PLD1 is cleaved by caspases in a p53-independent manner and NF-PLD1 amplifies apoptotic signaling through inhibition of the remaining PLD1 activity. As PLD1 suppresses the ATM-Chk2-p53 pathway, elimination of PLD1 activity through NF-PLD1 or si-RNA against PLD1 increases apoptosis in a p53-dependent manner. Taken together, our results reveal that cleavage of PLD1 by caspases promotes apoptosis via modulation of the p53-dependent cell death pathway.
Phospholipase D (PLD) catalyzes the hydrolysis of phosphatidylcholine (PC) to generate the lipid second messenger, phosphatidic acid (PA), and choline. PLD and PA have been implicated in a wide variety of cellular processes including cell proliferation, survival, vesicle transport, cytoskeletal organization and receptor signaling. 1, 2 Members of the PLD superfamily share a highly conserved HKD motif, which contains the sequence HxxxxKxD, and is essential for catalysis. 3 Two copies of the HKD motif are present in most PLD superfamily members. Studies of the crystal structure of bacterial PLD have revealed that the two HKD motifs juxtapose to form a single active site. 4 To date, two mammalian PLD isozymes (PC-specific PLD1 and PLD2), both with splice variants, have been reported. 3, 5 PLD1, but not PLD2, possesses a 116-amino acid loop region between the two catalytic motifs, suggesting that it may act as a negative regulatory element leading to the low basal activity levels of PLD1 as compared to PLD2. 6 Apoptosis is a strong barrier against tumorigenesis that cancer cells must overcome through apoptotic inhibition or through the activation of survival signaling. 7 PLD is elevated in several human cancers 8 and it has been reported to contribute to cancer progression through the suppression of p53-mediated apoptosis. [9] [10] [11] Despite an increasing repertoire of cellular activities that have been found to involve PLD, the apoptosis-related molecular mechanisms of PLD remain largely unknown. In this report, we demonstrate for the first time that PLD1 is cleaved by caspases and that the resulting loss of PLD activity contributes to apoptosis. The dominantnegative action of the N-terminal proteolytic product of PLD1 amplifies p53 signaling and apoptosis through phosphorylation of check point kinase-2 (Chk2) and p53, which enhances p53 stability and inhibits binding of p53 to mouse double minute 2 (MDM2). This study provides a novel mechanism by which cleavage of PLD1 by caspases facilitates apoptosis via a p53-dependent cell death pathway.
Results
PLD1 undergoes caspase-mediated cleavage in vitro and in vivo. To investigate the regulation of PLD expression during apoptosis, we first monitored the fate of the PLD protein in various cell lines originating from different species, using antibodies to a C-terminal PLD1 peptide. In human U87-MG glioma and HEK-293 cells, treatment with etoposide, a DNA-damaging agent, decreased the levels of intact PLD1 and generated a truncated form of PLD1 that migrated at approximately 56 kDa based on western blot analysis. As the PLD1 antibody used in this experiment was raised against a C-terminal epitope, the recognized band was a C-terminal fragment of PLD1 (CF-PLD1; Figure 1a ). We also observed time-and dose-dependent PLD1 cleavage in mouse fibroblasts (NIH3T3; Figure 1b ). PLD1 cleavage was induced by other types of anticancer drugs including adriamycin and cisplatin (Supplementary Figure S1) . These results suggested that PLD1 underwent degradation during apoptosis and supported the existence of a post-translational regulatory mechanism for PLD1.
To determine whether PLD1 is a caspase substrate, we performed an in vitro protease assay using isotope-labeled PLD1 and several recombinant caspases. As shown in Figure 1c , all caspases tested (caspase-1, -3 and -8) were capable of cleaving PLD1.
Two fragments of 64 and 56 kDa were observed and were deduced to correspond to the N-terminal (NF-PLD1) and C-terminal fragments of PLD1, respectively.
To extend this analysis, we examined the in vivo digestion of PLD1 following the treatment of cells with caspase-specific inhibitors. From this experiment, we found that caspase-3, -8 and -9, but not caspase-1, were responsible for PLD1 digestion in vivo (Figure 1d ). However, other noncapsase proteases, such as calpain or cathepsin, were not involved in PLD1 cleavage (Figure 1d ).
As the consensus caspase cleavage sequence is DXXD, and PLD1 was cleaved at a single site into two fragments (64 and 56 kDa), we deduced the putative cleavage sites within PLD1 and generated 11 point mutants (Supplementary -mediated apoptosis by PLD1 cleavage YH Jang et al Figure S2a ). Among the mutants that we tested, the D545A mutant was resistant to cleavage as determined by the in vitro caspase assay (Supplementary Figure S2b) .
Interestingly, the caspase-3 cleavage site, DDVD 545 , was located within the loop region, which is not present in PLD2, and is highly conserved in mammalian PLD1 from various species (Figure 1e) .
To further confirm this result, we transfected multiple vectors, each expressing a different PLD1 point mutant, and we examined the resulting transfectants for etoposideinduced cleavage of PLD1 (Supplementary Figure S2c) . Consistent with our in vitro result, the D545A mutant was resistant to cleavage. We also observed a novel band at approximately 50 kDa in all the lanes of etoposide-treated samples. However, considering our previous observations, this is likely to be a nonspecific crossreactive band induced by etoposide. Although it would be very interesting to identify this protein, it seemed to be beyond the scope of this study.
We further confirmed the presence of the two fragments during apoptosis using an N-terminally tagged GFP-PLD1 construct. Cleavage of PLD1 was concomitant with an increase in the level of a GFP-tagged N-terminal fragment following induction of apoptosis, but the mutant (D545A) was resistant to cleavage ( Figure 1f ). The CF-PLD1 was detected with an anti-PLD antibody in wild-type PLD1-transfected cells, but not in the D545A-PLD1-transfected cells. As bands of approximately 110 and 90 kDa were detected with an antibody to GFP, we examined whether these bands are specific or not. Only NF-PLD1 was detected with an antibody to GFP in short exposures. Upon overexposure, the presumed nonspecific bands were detected by the GFP antibody in both the absence and the presence of the caspase inhibitor, but pretreatment with caspase inhibitors led to the loss of the NF-PLD1 band only, suggesting that the other proteins recognized by the GFP antibody are nonspecific bands (Supplementary Figure  S2d) . Taken together, these results demonstrated that the DDVD 545 sequence in PLD1 underwent caspase-mediated cleavage in vitro and in vivo.
Caspase-mediated cleavage of PLD1 reduced its enzymatic activity. Next, we investigated the relationship between PLD1 cleavage and PLD1 activity. A caspase-3 inhibitor (z-DEVD) blocked the etoposide-induced cleavage of PLD1 and caused a loss in PLD1 enzymatic activity in a dose-dependent manner (Figure 2a and b) . Furthermore, we found that D545A-PLD1 showed resistance to the etoposideinduced reduction in PLD1 activity (Figure 2c ). These results suggested that the loss of PLD activity might be due to cleavage of PLD1 by caspases.
Cleavage of PLD1 was required for apoptosis. To monitor the relationship between PLD1 cleavage and apoptosis, we compared general apoptotic characteristics including capsase activity (Figure 3a Suppression of PLD1 activity by NF-PLD1 was critical for apoptosis. As suppression of PLD1 activity appeared to be linked to apoptosis, we investigated the effect of NF-PLD1 on intact PLD1. First, we examined the binding between NF-PLD1 and intact PLD1 based on previous observations that PLD1 exerted its enzymatic activity through homo-or heterodimerization. 12 We found that exogenous NF-PLD1 interacted with endogenous PLD1 (Figure 5a ).
Patches of hydrophobic amino acids (leucine, isoleucine and valine) found either within or close to the HKD motifs, which participate in the catalytic activity, are highly conserved among mammalian PLD isozymes as outlined in Figure 5b . To investigate the role of this motif, we generated three vectors (H464E-, L467A-and I470A-NF-PLD1) and examined the binding of the mutants encoded by each of these vectors with endogenous PLD1. Two NF-PLD1 mutants (L467A and I470A) exhibited a lower affinity for PLD1 binding ( Figure 5c ) than wild-type NF-PLD1, suggesting that these hydrophobic amino acids are important for the intermolecular association between NF-PLD1 and endogenous intact PLD1. Next, we examined the effect of NF-PLD1 binding on PLD1 activity. Treatment of cells with phorbol 12-myristate 13-acetate (PMA), a well-known activator of PLD, increased PLD activity as expected. 6 Transfection with WT-NF-or H464E-NF-PLD1 dramatically inhibited both basal and PMA-induced PLD activity. However, the inhibitory effects of L467A-and I470A-NF-PLD1 on basal and PMA-induced PLD activity were considerably lower than those of WT-NF-and H464E-NF-PLD1 (Figure 5d ). In contrast, CF-PLD1 did not have any affect on PLD activity.
Moreover, NF-PLD1 was mainly localized in the cytoplasm and colocalized with endogenous PLD, whereas CF-PLD1 was localized in the nucleus but was not colocalized with endogenous PLD (Supplementary Figure S5) , suggesting that the different subcellular localization patterns of both of these cleavage products may affect their activity and association with endogenous PLD. The reduced activity of PLD caused by ectopic expression of NF-PLD1 correlated closely with the effects on the intermolecular association with intact PLD1. Thus, it is postulated that NF-PLD1 exerts a dominantnegative effect by suppressing PLD activity due to intermolecular association with endogenous PLD1 through these hydrophobic amino acids. This may occur as a result of the dominant-negative NF-PLD1 preventing the activation of PLD1 by its regulators (PIP2, ARF, Rho, PKC) or impeding access to its membrane substrate. 6 We next investigated whether the association of exogenous NF-PLD1 with endogenous PLD1 and the resulting inhibition of PLD1 activity are related to the pro-apoptotic effects of the PLD1 fragment. Expression of WT-NF-and H464E-NF-PLD1 induced significant levels of apoptosis as compared to the vector-only control based on the level of GFP-positive nuclear condensation (Figure 5f ) and FACS analysis (Supplementary Figure S6) . L467A-and I470A-NF-PLD1, which showed reduced association with endogenous PLD1 and lower potency in the inhibition of PLD activity, were found to significantly suppress apoptosis, compared with WT-NF-and H464E-NF-PLD1. These results suggested that suppression of PLD1 activity by NF-PLD1 was critical for apoptosis.
NF-PLD1-induced apoptosis was achieved through a p53-dependent pathway. Although NF-PLD1 induced apoptosis through the suppression of PLD1 activity, it was unclear how the reduction in PLD1 activity promoted apoptosis. Elevated PLD activity suppresses DNA damageinduced increases in p53 levels due to increased expression of MDM2. 13 Thus, we examined the role of p53 in NF-PLD1-induced apoptosis using HCT116 p53-positive and -negative isogenic cell lines. As shown in Figure 6a , expression of NF-PLD1 enhanced p53 expression and suppressed MDM2 levels. However, in p53-deficient cells, a reduction in MDM2 levels was undetected. We did not observe NF-PLD1-induced apoptosis in p53-deficient cells as measured by nuclear condensation (Figure 6b ) and FACS analysis (Supplementary Figure S7) . We further confirmed that NF-PLD1 did not induce apoptosis in another p53-null PC3 prostate cancer cell line. Ectopic expression of p53 in the null cells significantly enhanced NF-PLD1-induced apoptosis, and the p53 protein levels were increased by exogenous NF-PLD1 (Figure 6d and e) . Furthermore, ectopic expression of WT-NF-and H464E-NF-PLD1 in HCT116 cells significantly elevated p53 protein levels as well as phosphorylation of p53 at Ser-20, which is known to render the protein resistant to degradation by MDM2 (Figure 6f) . However, the increase in p53 levels was suppressed in L467A-and I470A-NF-PLD1-expressing cells compared with cells expressing WT-NF-or H464E-NF-PLD1. We next examined whether the effect of NF-PLD1 on the induction of p53 was also reflected at the level of p53-targeted gene expression. The induction of p53 target proteins including The levels of p53 are commonly regulated at the level of protein stabilization. To examine whether NF-PLD1 signaling had an impact on the stability of p53, we examined the levels of p53 protein in cells treated with cyclohexamide, which inhibits new p53 protein synthesis. The p53 protein levels were significantly stabilized by the expression of exogenous NF-PLD1 as compared to control cells expressing vector only during cyclohexamide treatment (Figure 6g ). The stability of p53 is known to be mediated by the E3 ubiquitin ligase, MDM2, which facilitates the ubiquitination of p53 and targets it for degradation by the proteosome.
14 Like p53, MDM2 is usually regulated at the level of protein stabilization. During treatment with cyclohexamide, the levels of MDM2 were significantly suppressed in NF-PLD1-expressed cells relative to those of the vector-only control cells (Figure 6g ), suggesting that a decrease in the half-life of MDM2 is induced by NF- Figure S8) , suggesting that NF-PLD1 regulates the protein stability and degradation of p53. We also found that NF-PLD1 disrupted the interaction between p53 and MDM2 by enhancing the phosphorlyation of p53 at both Ser-15 and Ser-20 ( Figure 6h) . As a reduction in MDM2 levels would be critical for NF-PLD1-mediated p53 stabilization, we added MDM2 into NF-PLD1-expressing cells. The exogenous MDM2 blocked the NF-PLD1-mediated p53 stabilization (Figure 6i) . Taken together, these data strongly suggested that NF-PLD1-induced apoptosis might be achieved through a p53-dependent pathway.
PLD1. In addition, MG132 abolished the NF-PLD1-mediated induction of p53 and reduction of MDM2 (Supplementary
Knockdown of PLD1 enhances p53 stabilization and sensitivity to DNA damage-induced apoptosis. To investigate whether there is a correlation between PLD1 cleavage and p53 phosphorylation status, we examined the time course of etoposide-treated cells after transfection with siRNA specific for the vector or PLD1. Etoposide time-dependently enhanced both PLD1 cleavage and phosphorylation of p53 at both Ser-15 and Ser-20 residues, which prevents the binding of p53 to MDM2. 15, 16 Upon DNA damage, p53 is rapidly activated through the ATM/ATRdependent phosphorylation pathway. 17 The phosphorylation of Chk2 (Thr-68) as a downstream event in this pathway was slightly enhanced by etoposide (Figure 7a) . Moreover, the activation of caspase-3 by etoposide was concomitant with an increase in p53 stability (Figure 7a ). This phenomena has also been reported by other research groups. [18] [19] [20] In addition, it has been reported that caspase activation occurs in a p53-independent manner, [21] [22] [23] [24] [25] [26] and substrate cleavage by caspases regulates p53-mediated signaling. 27, 28 Thus, it is suggested that p53-independent apoptotic pathways induced by etoposide might induce a partial activation of caspases at early time points and then caspases are fully activated by a p53-dependent pathway. Interestingly, suppression of PLD1 using siRNA-mediated gene silencing enhanced etoposide-induced p53 stabilization, phosphorylation of Chk2 and p53, and caspase-3 activation, compared with control siRNA (Figure 7a) . Moreover, the PLD1 cleavage fragment induced by etoposide was also weakly detected in p53-deficient cells, as compared with p53-positive cells (Figure 7b ). Although etoposide very weakly induced apoptosis in p53-null cells as compared with p53-positive cells, knockdown of PLD1 significantly increased apoptosis in p53-positive cells but not in p53-null cells (Figure 7c) . However, p53-independent PLD1 cleavage or caspase activation seems to be insufficient to induce apoptosis. Instead, partial PLD1 cleavage-induced p53 activation might be required for apoptosis. In Figure 7a , PLD1 is weakly cleaved after 3 h of etoposide treatment, whereas the phosphorylation of p53 is strong. As mentioned above, the initial cleavage of PLD1 is a p53-independent event and was only partial. Therefore, the early response of PLD1 cleavage induced by DNA damage is weak. However, this cleavage can enhance the phosphorylation of p53. Thus, different kinetics should be observed (PLD1 cleavage occurs first, followed by phosphorylation of p53 and then complete cleavage of PLD1). Finally, we examined the involvement of PA, the end product of PLD1 activity, on the check point kinase-p53 pathway. Treatment with PA suppressed DNA damage-induced p53 induction and phosphorylation of Chk2 (Figure 7d ). This result suggested that a reduction in PA levels derived from PLD1 digestion or other causes could facilitate p53 activation and apoptosis. Taken together, these results demonstrate that endogenous PLD1 plays an antiapoptotic role via the modulation of a p53-dependent pathway.
Discussion
PLD activity and protein levels play important roles in inhibiting apoptosis by acting at multiple levels of the apoptotic cascade. In the present study, we demonstrate that cleavage of PLD1 results in the loss of its activity and induces apoptosis. We provide the first evidence that the DDVD 545 motif of PLD1 is cleaved by caspases in vitro and in vivo during apoptosis. Interestingly, the DDVD 545 caspase cleavage motif in PLD1 has been highly conserved from mouse to humans.
We also observed elevated expression of CF-PLD1 in Alzheimer's disease (data not shown), implying that cleavage of PLD1 is a physiological event.
Interestingly, it has been reported that hPLD1c exists as a splice variant of PLD1 with a molecular weight of 69 kDa (1-597 amino acids). Moreover, the amino-acid sequence of hPLD1c from residues 1 to 513 is identical to that of NFPLD1b (1-545 amino acids). However, the amino-acid sequence of hPLD1c from residues 514 to 597 is altered by splicing, resulting in premature transcriptional termination. 29 Therefore, the endogenous splice variant, hPLD1c, containing one HKD motif might have pro-apoptotic activity like NF-PLD1, suggesting the physiological relevance of the cleavage fragment of PLD1.
In general, apoptosis-related caspase activity serves two different purposes: one is eliminating functional proteins by digestion into inactive forms (for example, poly(ADP-ribose) polymerase (PARP) and structural proteins) and the other is the generation of new biological activities (for example, Bid truncation and pro-caspase activation). In the case of PLD1, both purposes are achieved. First, caspase-mediated cleavage of PLD1 may act as an inactivating process as PLD activity in WT-PLD1-expressing cells, but not in caspaseresistant PLD1-expressing cells, is significantly decreased during apoptosis. It is also suggested that the loss of PLD activity due to the cleavage of PLD1 is involved in the progression of apoptosis. Second, the NF-PLD1 fragment induces pro-apoptotic activity, which might be due to its dominant-negative effect through hydrophobic interactions with endogenous PLD1 and subsequent inhibition of its activity. This is further supported by our observation that mutations in the hydrophobic residues within the HKD motif rescue the dominant-negative effect. In this paper, we have provided evidence that the dominant-negative action of NF-PLD1 inhibits the interaction of MDM2 with p53 through phosphorylation of p53. Ultimately, NF-PLD1-induced p53 stabilization, which elevated downstream p53 target genes, promoted apoptosis. However, NF-PLD1 did not affect apoptosis in p53-deficient cells. Although CF-PLD1 had no effect on apoptosis, the fragment was localized to the nucleus p53-mediated apoptosis by PLD1 cleavage YH Jang et al and is postulated to play a role in other cellular physiological processes such as transcriptional regulation after nuclear import. The role of CF-PLD1 needs to be elucidated in future studies.
How does inhibition of PLD1 activity by NF-PLD1 activate p53 and suppress the interaction between p53 and MDM2? Indeed, p53-independent caspase activation has been proposed during apoptosis. [21] [22] [23] [24] [25] [26] Moreover, it has been reported that the cleavage of some substrates by caspase can regulate p53-and ATM/ATR kinase-mediated signaling upstream of caspase-3 during DNA damage-induced apoptosis. 27, 28 Thus, it is suggested that p53-independent apoptotic pathways are induced by etoposide trigger caspase activation at an early time point and that full activation of caspases is a late event mediated by a p53-dependent pathway. The present study suggests that caspase activation at an early time point by etoposide induces the cleavage of PLD1 to generate NF-PLD1, which further amplifies p53 signaling and apoptosis through phosphorylation of p53 via a positive feedback loop system. Upon DNA damage, p53 is rapidly activated through the ATM/ATR-dependent phosphorylation pathway. Using RNA interference, we found that PLD1 might upregulate the upstream kinases including ATM or Chk2 that induce phosphorylation of p53 at Ser-15 and -20 and the subsequent inhibition of p53/MDM2 interactions. 30 Indeed, treatment of cells with PA, the enzymatic product of PLD1, suppressed p53 and p-Chk2 induction (Figure 7d ). This result implies that the enzymatic activity of PLD1 should be maintained for cell survival, and loss of PLD1 activity through caspase-mediated digestion or production of NF-PLD1 may facilitate DNA damage-induced apoptosis. Moreover, knockdown of PLD1 significantly promoted apoptosis in p53-positive cells, but not in p53-null cells, suggesting that PLD1 plays an antiapoptotic role probably through modulation of a p53-mediated cell death pathway. Our results suggest that cellular stresses such as DNA damage initially induce PLD1 cleavage and suppress PLD1 activity, which then results in the activation of p53. Activated p53 amplifies cell death signaling and this leads to complete PLD1 cleavage and apoptosis. In support of these results, the PLD1 cleavage fragment induced by etoposide was detected in U87MG and HEK293 cells, which are p53 function-deficient cell lines due to E1A, E1B or mutation, and in p53 À/À cells. However, p53-independent PLD1 cleavage or caspase activation seems to be insufficient to induce apoptosis. Instead, partial PLD1 cleavage-induced p53 activation might be required for apoptosis. A proposed model for NF-PLD1-induced apoptosis is illustrated in Figure 8 .
Although PLD plays an antiapoptotic role by regulating Fas versus the mitochondrial apoptotic pathway, the discrepancy between these mechanisms is unclear. It is known that PLD activity is required for protection from these apoptotic pathways. In response to Fas, PLD has been reported to prevent apoptosis by generating PA and increasing Bcl-2 and Bcl-xL expression. 31 In response to the mitochondrial apoptotic signal, PLD is known to prevent apoptosis due to the elevation of PA levels and the subsequent decrease in the expression of tumor suppressor genes such as Egr-1 and PTEN.
10 PLD1 cleavage may be induced by extrinsic apoptotic signals such as TNF-a and Fas. As mediators of extrinsic apoptotic pathways can sensitize cells to intrinsic apoptotic progression, the differential mechanisms of PLD in regulating Fas versus mitochondrial apoptotic pathways should be the subject of further studies.
As inhibition of PLD activity may be responsible for the increase in p53 stability and the suppression of MDM2 levels, drugs interfering with hydrophobic interactions involving PLD and its activity can inhibit the p53-MDM2 interaction and thus be an important target for cancer therapy. It is possible that hydrophobic peptides containing the HKD motif can bind to endogenous PLD and inhibit its activity, thereby inducing apoptosis. In summary, alternation in protein turnover due to PLD1 processing by caspases regulates apoptotic function, providing evidence for the existence of a novel mechanism in which caspase-dependent cleavage of PLD1 facilitates p53-mediated apoptosis. Cell culture and transient transfection. HEK293, U87MG, MCF7, C6 glioma, mouse NIH3T3 fibroblasts, PC3 p53-null and HCT116 (wt and p53 À/À ) colon cancer were cultured at 371C in DMEM (GIBCO BRL, CA, USA) containing 10% fetal bovine serum and 1% antibiotic-antimycotic. Cells were grown to 50-60% confluence for transient transfections using LipofectAMINE Plus (Invitrogen, CA, USA) according to the manufacturer's instructions.
Construction of plasmids and site-directed mutagenesis. Fulllength constructs of hPLD1b, NF-PLD1 or CF-PLD1 cloned into pEGFP (Clontech) are described in the 'Supplementary Materials and Methods'. The mutations in the caspase cleavage site (D545A-PLD1) and interdomain association sites (H464E, L467A and I470A) were generated from pEGFP-PLD1b or pEGFP-NF-PLD1b by PCR site-directed mutagenesis using the Quick Change Site-Directed Mutagenesis Kit (Stratagene, LaJolla, CA, USA) according to the manufacturer's instructions. Primer sequence information is described in 'Supplementary Materials and Methods'. The mutations were confirmed by DNA sequencing.
Western blotting and immunoprecipitation. Cells were harvested for immunoblot analysis or immunoprecipitation as described previously. 32 Antibodies to PARP (Santa Cruz, CA, USA), b-tubulin (Sigma, MO, USA), p53 (Santa Cruz), phospho-p53 (Ser-15/20) (Cell Signaling), MDM2 (Santa Cruz), phosphor-Chk2 (Thr68) (Cell Signaling), Chk2 (Cell Signaling) and GFP (Santa Cruz) were used as primary antibodies. Rabbit polyclonal anti-PLD1 antibody, which recognizes a C-terminal portion of PLD1, was generated as previously described. In vitro transcription/translation and caspase cleavage assays. Various PLD1 constructs were transcribed and translated in vitro using the TNT-coupled reticulocyte lysate system (Promega, WI, USA) according to the manufacturer's recommendations.
Fluorescence microscopy. Cells were transfected with various PLD1 constructs and incubated with media containing 1 mg/ml Hoechst (Molecular probes, CA, USA) for 20 min. Cells were visualized and images were collected using a fluorescence microscope (Axiovert 200M, Zwiss, Germany). For immunocytochemistry, cells were washed with PBS and fixed with 4% formaldehyde/PBS for 10 min, followed by permeabilization with 0.2% NP40/PBS for 5 min at room temperature. Cells were washed with PBS, blocked for 2 h in 20 mg/ml bovine serum albumin (BSA) and then incubated with primary antibody/BSA for 2 h. Cells were washed four times with PBS and then incubated with anti-rabbit texas redconjugated secondary antibody or anti-mouse fluorescein isothiocyanateconjugated secondary antibody (Jackson Immunoresearch Laboratories, PA, USA) containing 1 mg/ml Hoechst for 1 h. Cells were washed again four times with PBS and were mounted with antifading mounting medium (Vector Lab., CA, USA). Cells were visualized and images were collected using a fluorescence microscope.
PLD activity assays. PLD activity was assessed by measuring the formation of [ 3 H] phosphatidylbutanol, the product of PLD-mediated transphosphatidylation, in the presence of 1-butanol as previously described. 10 Measurement of phosphatidylserine expression using annexin V. Annexin V binding was assessed by fluorescence microscopy using a commercial kit (Invitrogen, Molecular probes, IN, USA) according to the instructions of the manufacturer.
Flow cytometry. Cells were cultured, harvested at the indicated times, stained with propidium iodide (1 mg/ml) according to the manufacturer's protocol and then analyzed using an FACScan flow cytometer. Cell cycle analysis was performed by flow cytometry using a commercially available software package (Modifit; Verity Winlist, Topsham, ME, USA).
Statistics. The results are expressed as mean ± S.D. of the number of determinations indicated. Statistical significance of differences was determined by ANOVA. Significance was accepted when Po0.05 or 0.01.
